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Abstract
Background: We recently showed that whereas inhibition of PI3K/akt or JAK/STAT pathway
promoted retinal ganglion cell (RGC) survival after optic nerve (ON) injury in Fischer 344 (F344)
rats, the same inhibition resulted in aggravated RGC loss after acute intraocular pressure (IOP)
elevation in Sprague Dawley (SPD) rats. In addition, the responses of macrophages to ON injury
and acute IOP elevation were different between F344 and Lewis rats, i.e., different autoimmune
profiles. Using an acute IOP elevation paradigm in this study, we investigated 1) whether
autoimmune background influences PI3K/akt and JAK/STAT functions by examining the effect of
PI3K/akt and JAK/STAT pathway inhibition on RGC survival in F344 and Lewis rats, and 2) whether
differential actions of macrophages occur in PI3K/akt and JAK/STAT pathways-dependent
modulation of RGC survival. IOP elevation was performed at 110 mmHg for 2 hours. PI3K/akt and
JAK/STAT pathway inhibitors were applied intravitreally to block their respective pathway signaling
transduction. Because macrophage invasion was seen in the eye after the pathway inhibition, to
examine the role of these pathways independent of macrophages, macrophages in the retina were
removed by intravitreal application of clodronate liposomes. Viable RGCs were retrogradely
labelled by FluoroGold 40 hours before animal sacrifice.
Results: Similar to what was previously observed, significantly more RGCs were lost in Lewis than
F344 rats 3 weeks after acute IOP elevation. As in SPD rats, inhibition of the PI3K/akt or JAK/STAT
pathway increased the loss of RGCs in both F344 and Lewis rats. Removal of macrophages in the
eye by clodronate liposomes reduced RGC loss due to pathway inhibition in both strains.
Conclusion: This study demonstrates that following acute IOP elevation 1) PI3K/akt and JAK/
STAT pathways mediate RGC survival in both F344 and Lewis rats, 2) autoimmune responses do
not influence the functions of these two pathways, and 3) PI3K/akt and JAK/STAT pathway
inhibition-dependent activation of macrophages is detrimental to RGCs.
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Loss of retinal ganglion cells (RGCs) occurs in many path-
ological situations, and glaucoma is one of the common
diseases that lead to RGC loss. A common feature of glau-
coma is elevation of intraocular pressure (IOP) that causes
progressive axonal degeneration and loss of RGCs. As
acute glaucoma is characterised by rapid increase in IOP,
acute IOP elevation paradigm in rodents has often been
used to study acute IOP elevation-induced retinal
ischemic/reperfusion injury and the possible mechanisms
underlying acute glaucoma-associated RGC injuries [1-5].
It is known that immune responses can influence neuro-
nal survival after injury. Whereas ample evidence pointed
to a damaging effect of inflammatory responses of macro-
phages and T-cells after CNS injury and in autoimmune
diseases such as multiple sclerosis and experimental
autoimmune encephalomyelitis (EAE) [6-13], T-cell
dependent RGC protection in response to IOP elevation
has also been reported in EAE-resistant Fischer 344 (F344)
but not EAE-vulnerable Lewis rats [14]. In our earlier
study, we found that macrophages, which are another
major component of the autoimmune system, responded
differently to IOP elevation or optic nerve (ON) injury
between F344 and Lewis rats, and such differences led to
different extents of RGC survival after IOP elevation or
ON injury [15,16]. Macrophage activation in the eye by
intravitreal injection of zymosan, a yeast wall preparation,
protected RGCs after ON injury whereas the same activa-
tion aggravated RGC loss following acute IOP elevation
[15-17]. In addition, under the same condition of either
ON injury or acute IOP elevation the same macrophage
activation resulted in different extents of RGC survival or
loss between F344 and Lewis rats [16,17].
Phosphatidylinositol 3-kinase (PI3K)/akt and janus
kinase (JAK/STAT3) signal pathways are well known to
mediate neuronal survival [18-25]. Recently we showed
that ON injury or acute IOP elevation activates both path-
ways in the ganglion cell layer (GCL) [26-28]. However,
our recent work also points to paradoxic actions of these
two pathways in RGC survival under different pathologi-
cal conditions. Though both ON injury and acute IOP ele-
vation activate PI3K/akt and JAK/STAT pathways in the
GCL, including RGCs, inhibition of these signalling path-
ways activates macrophages in the eye and contributes to
RGC survival after ON injury in F344 rats [28]. However,
the same pathway inhibition leads to RGC loss following
acute IOP elevation in Sprague Dawley (SPD) rats [26,27].
In addition, as mentioned above, we also showed that
macrophage activation in the eye by intravitreal injection
of zymosan played a protective role in RGCs after ON
injury [15,28]. But the same macrophage activation
resulted in aggravated RGC loss in an IOP elevation
model of the same F344 rat strain [17]. Macrophages thus
appear to play an important role in the differences in RGC
viability under the two pathological conditions.
F344 and Lewis rats are inbred strains. They differ in sus-
ceptibility to EAE. It is known that the hypothalamic-pitu-
itary-adrenal (HPA) axis modulates autoimmune
response and vulnerability to EAE. In contrast to F344
rats, Lewis rats have abnormalities in HPA function. Vari-
ation in genotypes that are associated with different dis-
ease phenotypes between F344 and Lewis rats have been
reported [29]. Furthermore, the greater frequency of CD8+
regulatory T cells, which functionally inhibit myelin basic
protein-reactive T-cells, in F344 than in Lewis rats might
contribute to the differing susceptibility to EAE between
them [30]. It is currently unknown whether, after acute
IOP elevation, 1) inhibition of the PI3K/akt or JAK/STAT
pathway aggravates RGC loss in F344 and Lewis rats, 2)
autoimmune background influences PI3K/akt and JAK/
STAT signaling pathways in RGC survival, and 3) differen-
tial actions of macrophages occur in PI3K/akt and JAK/
STAT pathway-dependent modulation of RGC survival.
PI3K/akt and JAK/STAT pathways play an important role
in mediating RGC survival following acute IOP elevation
in SPD rats [26,27]. Autoimmune background is also
known to modulate neuronal viability [16,17]. It is there-
fore important to clarify the issues as mentioned above.
This study, using F344 and Lewis rats, was designed to
accomplish these tasks.
Results
Effect of inhibition of PI3/akt and JAK/STAT pathways on 
RGC viability in F344 rats
Representative photomicrographs showing the appear-
ances of FG-labelled viable RGCs (left column) and ED1+
macrophages (right column) in normal F344 and Lewis
rats or 3 weeks after acute IOP elevation plus various
experimental interventions are shown in Figure 1. The
appearances of FG-labelled viable RGCs 3 weeks after
acute IOP elevation alone in both F344 and Lewis rats
were previously shown [17]. Compared with normal
intact F344 (A) and Lewis (G) rats, significant loss of
RGCs was seen 3 weeks after acute IOP elevation and
pathway inhibition of PI3K/akt in both strains (C and I,
respectively). Clodronate liposomes significantly reduced
the number of macrophages in the eye of both strains and,
compared with the same strain of rats not receiving
clodornate liposomes, significantly enhanced the number
of surviving RGCs. However, the extent of surviving RGCs
after macrophage removal was still below the intact con-
trol, especially in Lewis rats. Similar observations were
seen after PI3K/akt pathway inhibition by LY294002 or
JAK/STAT pathway inhibition by AG490 and Jak Inhibitor
I (images not shown). More surviving RGCs were seen in
the central than the peripheral region. No clear change inPage 2 of 8
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acute IOP elevation [27].
The average numbers ± SEM of surviving RGCs and ED1+
macrophages were 2356 ± 125/retina and 11 ± 2/retina,
respectively, in intact F344 rats (n = 4). The average num-
bers ( ± SEM) of surviving RGCs in the retinas of the IOP
elevation only group (n = 6) and the inhibitor carrier
DMSO group (n = 5) were not significantly different from
each other (1514 ± 78/retina versus 1314 ± 103/retina;
Fig. 2A). Intravitreal application of DMSO marginally
increased the number of macrophages (81 ± 10/retina ver-
sus 137 ± 9/retina) in the eye (Fig. 2A). LY303511, the
negative control of LY294002 and which contains a single
atom substitution in the morpholine ring compared to
LY294002 and does not inhibit PI3K even at high concen-
trations, did not affect RGC survival, but substantially
increased the number of macrophages in the eye (n = 5;
Fig. 2A). Compared with the negative control LY303511
and DMSO groups, significant decreases in RGC survival
were observed after intravitreal application of PI3K/akt
pathway inhibitor LY294002 or KY12420 (n = 5 in each
Representative fluorescent photomicrographs of retinal whol mounts showing characteristics f retrograd ly FG-label d survi ing RGCs (left lumn) and ED1+ macrophages (right col mn)Fi ure 1
Representative fluorescent photomicrographs of ret-
inal wholemounts showing characteristics of retro-
gradely FG-labeled surviving RGCs (left column) and 
ED1+ macrophages (right column). A and B, normal 
F344 rat; C and D, after application of pathway inhibitor 
KY12420 in IOP-elevated F344 rat; E and F, after application 
of pathway inhibitor KY12420 and clodonate liposomes in 
IOP-elevated F344 rat; G and H, normal Lewis rat; I and J, 
after application of pathway inhibitor KY12420 in IOP-ele-
vated Lewis rat; K and L, after application of pathway inhibi-
tor KY12420 and clodonate liposomes in IOP-elevated Lewis 
rat. More surviving RGCs were seen in F344 than Lewis rats 
after IOP elevation and pathway inhibition (C versus I). After 
removal of macrophages by clodronate liposomes, the num-
bers of surviving RGCs increased in both F344 (E versus C) 
and Lewis (K versus I) rats. Similar results were obtained 
after inhibition of JAK/STAT pathway (images not shown). 
Scale bar = 50 μm.
Average densities (± SEM) of FG-labeled surviving RGCs and ED1+ macrophages after inhibition of PI3K/akt a d JAK/STATpathways in F344 ratsFigure 2
Average densities (± SEM) of FG-labeled surviving 
RGCs and ED1+ macrophages after inhibition of 
PI3K/akt and JAK/STAT pathways in F344 rats. Signifi-
cant decrease in RGC viability and concomitant increase in 
the number of macrophages were seen following PI3k/akt 
and JAK/STAT pathway inhibition (A). After macrophage 
removal (B), pathway inhibition-induced RGC loss was signif-
icantly but not completely prevented, indicating that both 
macrophage and PI3k/akt and JAK/STAT pathways were 
involved in RGC viability in this strain of rat. *p < 0.05, **p < 
0.01 and ***p < 0.001 against DMSO group unless specified.Page 3 of 8
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survival was a significant increase in the number of mac-
rophages in the retina (Fig. 2A). Significant decrease in the
number of surviving RGCs was also seen after intravitreal
application of JAK/STAT pathway inhibitor AG490 or Jak
Inhibitor I (n = 5 and 6, respectively; Fig. 2A). Accompa-
nying the decrease in RGC survival was a significant
increase in the number of macrophages in the retina (Fig.
2A). These observations are thus similar to what was seen
after inhibition of PI3K/akt and JAK/STAT pathways in
SPD rats [26,27]. Our earlier studies using Western blot-
ting showed that the pathway inhibitors used at these con-
centrations effectively, though not completely, blocked
collective signal transduction of the pathways [26-28].
Effects of macrophage removal on RGC viability in F344 
rats
We applied a macrophage remover, clodronate lipo-
somes, intravitreally to deplete macrophages in the eye
[26-28,31]. As expected, clodronate liposomes applied
alone or in combination with KY12420 (n = 5 each group)
significantly reduced the number of macrophages in the
eye to a level slightly higher than that in DMSO group
(Fig. 2B). Concomitant with this reduction of macro-
phages in the eye was significant improvement but not
complete recovery in RGC survival in KY12420-treated
F344 rats (Fig. 2B). Similarly, an increased number of sur-
viving RGCs was also seen after co-application of clodro-
nate liposomes with JAK/STAT pathway inhibitor AG490
(n = 5; Fig. 2B). The improvement but not complete recov-
ery of RGC survival after macrophage removal in PI3K/akt
or Jak/STAT pathway-inhibited eyes suggested that macro-
phages and the pathways modulated, in opposite direc-
tions, RGC survival after acute IOP elevation in F344 rats.
Effect of inhibition of PI3K/akt and JAK/STAT pathways on 
RGC viability in Lewis rats
The average numbers ± SEM of surviving RGCs and ED1+
macrophages were 2583 ± 82/retina and 8 ± 1/retina,
respectively, in intact Lewis rats (n = 4). The average num-
bers ( ± SEM) of surviving RGCs and ED1+macrophages in
the retinas of IOP elevation only (n = 5) and DMSO (n =
4) groups were not significantly different from each other
in Lewis rats (Fig. 3A). However, the number of surviving
RGCs 3 weeks after acute IOP elevation was significantly
(6-fold) lower in Lewis than F344 rats (Fig. 2A and 3A).
LY303511 also did not affect RGC survival although it
marginally increased the number of macrophages in Lewis
rats (n = 5; Fig. 3). Even though the levels of RGC survival
were already low in the negative control and DMSO
groups (Fig. 3A), further decrease in RGC survival was still
seen after intravitreal application of PI3K/akt pathway
inhibitor LY294002 or KY12420 (n = 5 each group). Con-
comitant with the decrease in RGC survival was a signifi-
cant increase in the number of macrophages in the retina
(Fig. 3A). Similarly, intravitreal applications of JAK/STAT
pathway inhibitor AG490 or Jak Inhibitor I (n = 5 each
group) also resulted in a significant decrease in the
number of surviving RGCs and a significant increase in
the number of macrophages in the retina (Fig. 3).
Effects of macrophage removal on RGC viability in Lewis 
rats
Similar to what occurred in F344 rats, clodronate lipo-
somes applied alone (n = 5) or co-applied with KY12420
(n = 4) or AG490 (n = 5) significantly reduced the number
of macrophages in the retina to a level lower than that in
the DMSO group (Fig. 3B). Concomitant with the reduc-
tions of macrophages in the eye was significant improve-
ment but not complete recovery in RGC survival in
KY12420- and AG490-treated Lewis rats (Fig. 3B). These
findings suggested that PI3K/akt and JAK/STAT pathways
and macrophages are involved in RGC viability in similar
fashion to that in F344 rats following acute IOP elevation.
Average densities (± SEM) of FG-labeled surviving RGCs and ED1+ macrophages after inhibition of PI3K/akt a d JAK/STATpathways in Lewis r tsFigure 3
Average densities (± SEM) of FG-labeled surviving 
RGCs and ED1+ macrophages after inhibition of 
PI3K/akt and JAK/STAT pathways in Lewis rats. Signif-
icant decrease in RGC viability and concomitant increase in 
the number of macrophages were seen following PI3k/akt 
and JAK/STAT pathway inhibition (A). After macrophage 
removal (B), pathway inhibition-induced RGC loss was signif-
icantly but not completely prevented, indicating that both 
macrophage and the pathways were also involved in RGC 
viability in Lewis rats. Note that the numbers of surviving 
RGCs were significantly lower in Lewis than F344 rats. *p < 
0.05, **p < 0.01 and ***p < 0.001 against DMSO group unless 
specified.Page 4 of 8
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after inhibitor application resulted from interfered trans-
port of FG, we carried out another experiment in which
both FG and immunohistochemical approaches were
used to label RGCs of the same retinas and the numbers
of RGCs between the 2 approaches were compared. Com-
pared with the number of TUJ1-immunostained RGCs of
the same retinas, there were an average of 15% (n = 3)
decrease and 12% (n = 3) increase in the numbers of FG-
labeled RGCs in KY12420 and AG490 treatment groups,
repsectively. The small differences between the 2 labelling
approaches are not statistically significant, indicating that
the intravitreal application of the pathway inhibitors does
not influence the efficacy of the FG transport. Note that
FG was applied 20 hours whereas the data presented
below were obtained from rats that received FG 5 days
after the administration of the pathway inhibitors. The
further delayed application of FG rendered the inhibitors
less likely to affect the retrograde transport of FG.
Discussion
In this study we investigated the roles of PI3K/akt and
JAK/STAT pathways and macrophages in RGC viability
after acute IOP elevation in F344 and Lewis rats, which are
known to have different autoimmune profiles. We show
that in both rat strains, inhibition of PI3K/akt or JAK/
STAT pathway reduces RGC survival and activates macro-
phages in the eye. In addition, both macrophage activa-
tion and PI3K/akt and JAK/STAT pathways mediate RGC
viability, in opposite directions, after acute IOP elevation.
PI3K/akt and JAK/STAT are known to be the major signal-
ling executors for neuronal survival [19,20,24,25,32-36].
Whereas PI3K/akt is the common signal transduction
pathway underlying neurotrophin-induced biological
actions, JAK/STAT is well-documented to be responsible
for cytokine-induced effects [37]. Previously we showed
that the pathway inhibitors applied at dosages as in this
study significantly inhibited signal transduction of the
respective pathways [26-28,38]. The clear differences in
RGC survival or in macrophage recruitment between eyes
treated with LY294002 and with its negative control
LY303511 following IOP elevation in both F344 and
Lewis rats are similar to what was seen in SPD rats [26,27].
These results confirmed that the actions of LY294002 on
RGC viability and macrophage recruitment are dependent
on PI3k/akt pathway-inhibition. The persistent loss of
RGCs after PI3K/akt or JAK/STAT pathway inhibition in
the absence of ocular macrophages (following clodronate
liposome application) in both strains further verify that
these signal transduction pathways mediate RGC survival
following acute IOP elevation independent of influence of
autoimmune background.
Previously T-cells were shown to play a part in differential
protection of RGCs following episcleral and limbal vein
cauterization-induced IOP elevation in F344 and Lewis
rats [14]. In our earlier study, we showed that macrophage
reactions to acute IOP elevation were also different in rats
with different autoimmune backgrounds [17]. In the
present study we demonstrated that in contrast to the
actions on macrophages, autoimmune background did
not modulate signal transduction pathways of PI3K/akt
and JAK/STAT in RGC survival.
Conclusion
PI3K/akt and JAK/STAT pathway mediate RGC survival
after acute IOP elevation and autoimmune background
does not influence the functional roles of these pathways.
In addition, PI3K/akt and JAK/STAT pathway inhibition-
induced macrophage activation in the eye is detrimental
to RGCs following acute IOP elevation.
Methods
A total number of 108 young adult (8–10 weeks old) F344
and Lewis rats were used, and each experimental group
consisted of 4–6 rats. All experiments conformed to The
Chinese University of Hong Kong Animal Experimenta-
tion Ethic Committee (AEEC) guidelines and were
approved by the AEEC. All possible measures were taken
to minimize suffering and limit the number of rats used in
this study. All surgery was carried out under anaesthesia
with a 1:1 mixture (1.5 ml/kg) of ketamine (100 mg/ml)
and xylazine (20 mg/ml).
Acute IOP elevation and the experimental groups
The acute IOP elevation procedure has previously been
reported [39]. Briefly, a 27-gauge needle was placed in the
anterior chamber of the left eye. The needle was con-
nected to a container carrying 500 ml sterile normal
saline. The container was raised to a height of 1496 mm
above the eye to elevate the IOP to 110 mmHg for 2 hrs.
Each strain of rats was allocated to different experimental
groups after acute IOP elevation. The first group received
no intravitreal injections and served as intact controls. The
second group received intravitreal injections of DMSO (3
μl each injection), which is the inhibitor carrier. The third
group received intravitreal injections of LY303511 (Calbi-
ochem, San Diego, USA; 2 mM × 3 μl), which was the neg-
ative control of PI3k/akt pathway inhibitor LY294002.
The fourth and fifth groups received intravitreal injections
of PI3k/akt pathway inhibitors LY294002 [2-(4-Mor-
pholinyl)-8-phenyl-1(4H)-benzopyran-4-one hydrochlo-
ride, Sigma; 2 mM × 3 μl and KY12420 (Calbiochem, San
Diego, USA; 2 mM × 3 μl), respectively. The sixth and sev-
enth groups received intravitreal injections of JAK/STAT
pathway inhibitors AG490 [α-Cyano-(3,4-dihydroxy)-N-
benzylcinnamide, Calbiochem; USA; 2 mM × 3 μl] and
Jak Inhibitor I [2-(1,1-Dimethylethyl)-9-fluoro-3,6-dihy-
dro-7H-benz[h]-imidaz [4,5-f]isoquinolin-7-one; Calbio-
chem; 2 mM × 3 μl], respectively. Two inhibitors of each
pathway, coupled with the available negative control,Page 5 of 8
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sibility of chemical effects of these inhibitors on RGC via-
bility.
As macrophage activation has been seen to accompany
acute IOP elevation and inhibition of PI3k/akt and JAK/
STAT pathways, we used clodronate liposomes to remove
macrophages in the eye and examined what roles macro-
phages and the two pathways played in RGC viability. In
this part, 1 group received intravitreal injection (3 μl, once
only) of clodronate liposomes immediately after acute
IOP elevation, 2 groups received immediate intravitreal
injection (3 μl, once only) of clodronate liposomes that
were followed by 3 intravitreal injections of KY12420 and
AG490, respectively, 3, 9 and 15 days later. Both clodro-
nate and liposomes (if prepared of phosphatidylcholine
and cholesterol) are not toxic. Liposome-encapsulated
clodronate and liposomes containing PBS only (control
liposomes) were prepared as previously described [40].
Clodronate was a gift of Roche Diagnostics GmbH (Man-
nheim, Germany). Phosphatidylcholine was obtained
from Lipoid GmbH (Ludwigshafen, Germany), and cho-
lesterol purchased from Sigma. Recently we showed that
both PBS liposomes and clodronate liposomes applied at
this dosage into the eye were not detrimental to RGCs
[28,31]. All rats survived for 3 weeks after acute IOP eleva-
tion.
For intravitreal injections of DMSO or the inhibitors, each
rat received three posterior chamber eye injections on
days 3, 9 and 15 after IOP elevation. Intravitreal injection
of 3 μl clodronate liposomes was carried out once only on
the day of IOP elevation, which was 3 days prior to path-
way inhibitor injection. For the eye injection, the micropi-
pette was deliberately angled to avoid damage to the lens
[41].
Retrograde labeling of viable RGCs
To retrogradely label viable RGCs, a small piece of gel-
foam soaked with 4% FluoroGold (FG, Fluorochrome Inc,
Denver, USA) was applied at the newly cut stump of the
proximal ON to retrogradely label viable RGCs. Animals
survived for another 40 hours to maximize retrograde
transport of the dye. Note that RGCs only start to die 5
days after ON axotomy in adult rats [42]. While deeply
anaesthetized, the rats were perfused with cold 4% para-
formaldehyde in phosphate buffer (0.1 M, pH 7.4). After
dissection from the eye-cups, the retinas were post-fixed
in 4% paraformaldehyde for 45 min, flat-mounted and
temporarily coverslipped in anti-fading medium (Dako
Corporation, Carpinteria, CA, USA). The number of FG-
labelled RGCs in each field (0.25 × 0.25 mm2), sampled
at a fixed distance from one another and in a pattern of
grid intersections, was counted throughout the whole ret-
ina. A total of 70–80 fields, about 8–10% of the total ret-
inal area, were sampled per retina. The average density of
viable RGCs was obtained. This approach avoided prob-
lems associated with uneven distribution of RGCs in the
retina.
In a separate experiment, we examined whether intravit-
real application of the pathway inhibitors influenced the
retrograde transport of FG. One inhibitor of each pathway
(AG490 for JAK/STAT pathway and KY12420 for PI3K/akt
pathway) was injected intravitreally into eyes of normal
rats (n = 3 each group). FG was applied in the same way
as above 20 hours after the inhibitor application, and the
rats were killed 40 hours after FG application. After count-
ing the number of FG-labeled RGCs, the retinas were
immunostained for RGCs using the TUJ1 monoclonal
antibody (against βIII-tubulin, BabCO, Richmond, CA,
USA). βIII-tubulin has been shown to be an RGC-specific
marker in retinal wholemounts [15,16,28,31,38,43,44].
Immunohistochemical staining of macrophages
After counting the number of FG-labeled RGCs, retinas
were used for immunostaining of macrophages. The reti-
nas were thoroughly washed with PBS and blocked with
10% normal goat serum (NGS), 1% bovine serum albu-
min (BSA) and 0.2% Triton for 1 hour. They were then
immunostained overnight at 4°C with ED1 antibody
(1:200, Serotec, Oxford, UK) [15,28], were rinsed with
PBS and incubated with conjugated Cy3 (Jackson Immu-
noResearch Laboratories, West Grove, PA, USA; 1:400)
secondary antibody overnight at 4°C. After 3 washes each
for 5 minutes, the retinas were mounted with anti-fading
fluorescence mounting medium and examined under the
fluorescent microscope. ED1 positive (+) cells were
counted in the same way as for FG-labeled RGCs.
Statistical analysis
Data on RGCs from the different groups were pooled and
statistically analysed using Bonferroni test following one-
way analysis of variance (ANOVA). Bonferroni test was
used to compare mean values among all intra-groups
[15,38].
Abbreviations
EAE: experimental autoimmune encephalomyelitis; F344:
Fischer 344; HPA: hypothalamic-pituitary-adrenal; IOP:
intraocular pressure; GCL: ganglion cell layer; JAK: janus
kinases; ON: optic nerve; PI3K: phosphatidylinositol 3-
kinase; RGC: retinal ganglion cell; SPD: Sprague Dawley;
STAT: signal transducers and activators of transcription.
Authors' contributions
YH carried out experiments and collected data. ZL carried
out the double-labeling experiment. NW participated in
the study design. NvR provided reagents (clodronate lipo-
somes). QC designed the study, analyzed the data andPage 6 of 8
(page number not for citation purposes)
BMC Neuroscience 2008, 9:78 http://www.biomedcentral.com/1471-2202/9/78drafted the manuscript. All authors read and approved the
final manuscript.
Acknowledgements
We thank Profs. Larry Baum and Calvin Pang of The Chinese University of 
Hong Kong for English editing of this manuscript. This work is supported 
by The Chinese University of Hong Kong and a grant from National Natural 
Science Foundation of China (30571990).
References
1. Osborne NN, Casson RJ, Wood JP, Chidlow G, Graham M, Melena J:
Retinal ischemia: mechanisms of damage and potential ther-
apeutic strategies.  Prog Retin Eye Res 2004, 23:91-147.
2. Buchi ER: Cell death in the rat retina after a pressure-induced
ischaemia-reperfusion insult: an electron microscopic study.
I. Ganglion cell layer and inner nuclear layer.  Exp Eye Res 1992,
55:605-613.
3. Pease ME, McKinnon SJ, Quigley HA, Kerrigan-Baumrind LA, Zack DJ:
Obstructed axonal transport of BDNF and its receptor TrkB
in experimental glaucoma.  Invest Ophthalmol Vis Sci 2000,
41:764-774.
4. Martin KR, Quigley HA, Valenta D, Kielczewski J, Pease ME: Optic
nerve dynein motor protein distribution changes with
intraocular pressure elevation in a rat model of glaucoma.
Exp Eye Res 2006, 83:255-262.
5. Oka T, Tamada Y, Nakajima E, Shearer TR, Azuma M: Presence of
calpain induced proteolysis in retinal degeneration and dys-
function in a rat model of acute ocular hypertension.  J Neuro-
sci Res 2006, 83:1342-1351.
6. Blight AR: Macrophages and inflammatory damage in spinal
cord injury.  J Neurotrauma 1992, 9 Suppl 1:S83-S91.
7. Dijkstra CD, de Groot CJ, Huitinga I: The role of macrophages in
demyelination.  J Neuroimmunol 1992, 40:183-188.
8. Huitinga I, Van Rooijen N, De Groot CJ, Uidehaag BM, Dijkstra CD:
Suppression of experimental allergic encephalomyelitis in
Lewis rats after elimination of macrophages.  J Exp Med 1990,
172:1025-1033.
9. Huitinga , Ruuls ISR, Jung S, Van Rooijen N, Hartung HP, Dijkstra CD:
Macrophages in T cell line-mediated, demyelinating, and
chronic relapsing experimental autoimmune encephalomy-
elitis in Lewis rats.  Clin Exp Immunol 1995, 100:344-351.
10. Hirschberg DL, Yoles E, Belkin M, Schwartz M: Inflammation after
axonal injury has conflicting consequences for recovery of
function: Rescue of spared axons is impaired but regenera-
tion is supported.  J Neuroimmunol 1994, 50:9-16.
11. Popovish PG, Stokes BT, Whitacre CC: Concept of autoimmunity
following spinal cord injury: possible roles for T lymphocytes
in the traumatized central nervous system.  J Neurosci Res 1996,
45:349-363.
12. Newman TA, Woolley ST, Hughes PM, Sibson NR, Anthony DC,
Perry VH: T-cell- and macrophage-mediated axon damage in
the absence of a CNS-specific immune response: involve-
ment of metalloproteinases.  Brain 2001, 124:2203-2214.
13. Neumann H: Molecular mechanisms of axonal damage in
inflammatory central nervous system diseases.  Curr Opin Neu-
rol 2003, 16:267-273.
14. Bakalash S, Kipnis J, Yoles E, Schwartz M: Resistance of retinal gan-
glion cells to an increase in intraocular pressure is immune-
dependent.  Invest Ophthalmol Vis Sci 2002, 43:2648-2653.
15. Yin Y, Cui Q, Li Y, Irwin N, Fischer D, Harvey AR, Benowitz LI: Mac-
rophage-derived factors stimulate optic nerve regeneration.
J Neurosci 2003, 23:2284-2293.
16. Luo JM, Zhi Y, Chen Q, Cen LP, Zhang CW, Lam DSC, Harvey AR,
Cui Q: Influence of macrophages and lymphocytes on the sur-
vival and axon regeneration of injured retinal ganglion cells
in rats from different autoimmune backgrounds.  Eur J Neurosci
2007, 26:3475-3485.
17. Huang Y, Li Z, van Rooijen N, Wang N, Pang CP, Cui Q: Different
responses of macrophages in retinal ganglion cell survival
after acute ocular hypertension in rats with different autoim-
mune backgrounds.  Exp Eye Res 2007, 85:659-666.
18. Kermer P, Klöcker N, Labes M, Bähr M: Insulin-like growth factor-
I protects axotomised rat retinal gnalgion cells from second-
ary death via PI3-K-dependent Akt phosphorylation and inhi-
bition of caspase-3 in vivo.  J Neurosci 2000, 20:722-728.
19. Alonzi T, Middleton G, Wyatt S, Buchman V, Betz UA, Müller W,
Musiani P, Poli V, Davies AM: Role of STAT3 and PI 3-kinase/Akt
in mediating the survival actions of cytokines on sensory
neurons.  Mol Cell Neurosci 2001, 18:270-282.
20. Dolcet X, Soler RM, Gould TW, Egea J, Oppenheim RW, Comella JX:
Cytokines promote motoneuron survival through the janus
kinase-dependent activation of the phosphatidylinositol 3-
kinase pathway.  Mol Cell Neurosci 2001, 18:619-631.
21. Cheng L, Sapieha P, Kittlerová P, Hauswirth WW, Di Polo A: TrkB
gene transfer protects retinal ganglion cells from axotomy-
induced death in vivo.  J Neurosci 2002, 22:3977-3986.
22. Kretz A, Happold CJ, Marticke JK, Isenmann S: Erythropoietin pro-
motes regeneration of adult CNS neurons via Jak2Stat3 and
PI3K/AKT pathway activation.  Mol Cell Neurosci 2005,
29:569-579.
23. Kretz A, Schmeer C, Tausch S, Isenmann S: Simvastatin promotes
heat shock protein 27 expression and Akt activation in the
rat retina and protects axotomized retinal ganglionc cells in
vivo.  Neurobiol Dis 2006, 21:421-436.
24. Yadav A, Kalita A, Dhillon S, Banerjee K: JAK/STAT3 pathway is
involved in survival of neurons in response to insulin-like
growth factor and negatively regulated by suppressor of
cytokine signalling-3.  J Biol Chem 2005, 280:31830-31840.
25. Yamauchi K, Osuka K, Takayasu M, Usuda N, Nakazawa A, Nakahara
N, Yoshida M, Aoshima C, Hara M, Yoshida J: Activation of JAK/
STAT signalling in neurons following spinal cord injury in
mice.  J Neurochem 2006, 96:1060-1070.
26. Huang Y, Cen LP, Choy KW, van Rooijen N, Wang N, Pang CP, Cui
Q: JAK/STAT pathway mediates retinal ganglion cell survival
after acute ocular hypertension but not under normal condi-
tions.  Exp Eye Res 2007, 85:684-695.
27. Huang Y, Cen LP, Luo JM, Wang NL, Zhang MZ, van Rooijen N, Pang
CP, Cui Q: Differential Roles of PI3K/akt Pathway in Retinal
Ganglion Cell Survival in Rats with or without Acute Ocular
Hypertension.  Neurosci 2008, 153:214-225.
28. Luo JM, Cen LP, Zhang XM, Chiang SWY, Huang Y, Lin D, Fan Y, van
Rooijen N, Lam DSC, Pang CP, Cui Q: PI3K/akt, JAK/STAT and
MEK/ERK pathway inhibition protects retinal ganglion cells
via different mechanisms after optic nerve injury.  Eur J Neuro-
sci 2007, 26:828-842.
29. Wilder RL, Griffiths MM, Cannon GW, Gaspi R, Remmers EF: Sus-
ceptibility to autoimmune disease and drug addiction in
inbred rats. Are there mechanistic factors in common
related to abnormalities in hypothalamicepituitaryeadrenal
axis and stress response function?  Ann NY Acad Sci 2000,
917:784-796.
30. Sun D, Whitaker JN, Wilson DB: Regulatory T cells in experi-
mental allergic encephalomyelitis. III. Comparison of dis-
ease resistance in Lewis and Fischer 344 rats.  Eur J Immunol
1999, 29:1101-1106.
31. Cen LP, Luo JM, Zhang CW, Fan YM, Song Y, So KF, van Rooijen N,
Pang CP, Lam DS, Cui Q: Chemotactic effect of ciliary neuro-
trophic factor on macrophages in retinal ganglion cell sur-
vival and axonal regeneration.  Invest Ophthalmol Vis Sci 2007,
48:4257-4266.
32. Crowder RJ, Freeman RS: The survival of sympathetic neurons
promoted by potassium depolarization, but not by cyclic
AMP, requires phosphatidylinositol 3-kinase and Akt.  J Neu-
rochem 1999, 73:466-475.
33. Datta SR, Brunet A, Greenberg M: Cellular survival: a play in
three Akts.  Genes Dev 1999, 13:2905-2927.
34. Klocker N, Kermer P, Weishaupt JH, Labes M, Ankerhold R, Bahr M:
Brain-derived neurotrophic factor-mediated neuroprotec-
tion of adult rat retinal ganglion cells in vivo does not exclu-
sively depend on phosphatidyl-inositol-3'-kinase/protein
kinase B signalling.  J Neurosci 2000, 20:6962-6967.
35. Brunet A, Datta SR, Greenberg ME: Transcription-dependent
and -independent control of neuronal survival by the PI3K-
Akt signalling pathway.  Curr Opin Neurobiol 2001, 11:297-305.
36. Rong R, Ahn J-Y, Huang H, Nagata E, Kalman D, Kapp JA, Tu J, Worley
PF, Snyder SH, Ye K: PI3 Kinase enhancer-Homer complex
couples mGluR1 to PI3 kinase, precenting neuronal apopto-
sis.  Nat Neurosci 2003, 6:1153-1161.Page 7 of 8
(page number not for citation purposes)
BMC Neuroscience 2008, 9:78 http://www.biomedcentral.com/1471-2202/9/78Publish with BioMed Central   and  every 
scientist can read your work free of charge
"BioMed Central will be the most significant development for 
disseminating the results of biomedical research in our lifetime."
Sir Paul Nurse, Cancer Research UK
Your research papers will be:
available free of charge to the entire biomedical community
peer reviewed and published immediately upon acceptance
cited in PubMed and archived on PubMed Central 
yours — you keep the copyright
Submit your manuscript here:
http://www.biomedcentral.com/info/publishing_adv.asp
BioMedcentral
37. O'Shea JJ, Gadina M, Schreiber RD: Cytokine signaling in 2002:
new surprise in the Jak/Stat pathway.  Cell 2002, 109:S121-S131.
38. Park K, Luo JM, Hisheh S, Harvey AR, Cui Q: Cellular mechanisms
associated with spontaneous and ciliary neurotrophic factor-
cAMP-induced survival and axonal regeneration of adult ret-
inal ganglion cells.  J Neurosci 2004, 24:10806-10815.
39. Roth S, Shaikh AR, Hennelly MM, Li Q, Bindokas V, Graham CE:
Mitogen-activated protein kinases and retinal ischemia.
Invest Ophthalmol Vis Sci 2003, 44:5383-5395.
40. Van Rooijen N, Sanders A: Liposome mediated depletion of
macrophages: Mechanism of action, preparation of lipo-
somes and applications.  J Immunol Meth 1994, 174:83-93.
41. Leon S, Yin Y, Nguyen J, Irwin N, Benowitz LI: Lens injury stimu-
lates axon regeneration in the mature rat optic nerve.  J Neu-
rosci 2000, 20:4615-4626.
42. Berkelaar M, Clarke DB, Wang YC, Bray GM, Aguayo AJ: Axotomy
results in delayed death and apoptosis of retinal ganglion
cells in adult rats.  J Neurosci 1994, 14:4368-4374.
43. Fischer D, He Z, Benowitz LI: Counteracting the Nogo receptor
enhances optic nerve regeneration if retinal ganglion cells
are in an active growth state.  J Neurosci 2004, 24:1646-1651.
44. Koprivica V, Cho KS, Park JB, Yiu G, Atwal J, Gore B, Kim JA, Lin E,
Tessier-Lavigne M, Chen DF, He Z: EGFR activation mediates
inhibition of axon regeneration by myelin and chondroitin
sulfate proteoglycans.  Science 2005, 310:106-110.Page 8 of 8
(page number not for citation purposes)
